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Introduction
In recent years, the promotion of clean cookstoves to reduce smoke exposure has received much attention in both academic and policy discussions. Indeed, much is at stake: More than 3 billion people in developing countries rely on firewood and charcoal for their daily cooking purposes. According to the World Health Organisation (WHO), the emitted smoke from household air pollution kills 4.3 million people every year -more deaths than are caused by malaria, tuberculosis and HIV combined -making it one of the most lethal environmental health risks (WHO, 2016; Martin, 2011) .
Under the auspices of the United Nations Initiative Sustainable Energy for All (SE4All) and spearheaded by the Global Alliance for Clean Cookstoves (GACC), the international development community is currently embarking on a massive effort to spur universal adoption of clean cookstoves and fuels (GACC, 2011; SE4ALL, 2015) . Achieving universal adoption is a laudable outcome, but one that faces substantial organizational and financial constraints. This raises the question of whether policies should concentrate on technologies and fuels that qualify as absolutely clean from a public health perspective, such as electricity, LPG, or advanced gasifier biomass stoves, or whether intermediate technologies such as simple improved biomass stoves should also be promoted (Simon et al. 2014) . Notwithstanding their considerably higher costs and often fragmented supply chains, a recent WHO report advocates "energy solutions that are clean for health at the point-of-use" (WHO, 2016, p. 87) , these being primarily LPG and electricity or advanced gasifier biomass stoves.
In the present paper, we argue for an alternative prioritization that takes into account how smoke exposure is impacted by the interaction of cookstove technologies and cooking behaviors (Jeuland et al., 2015) . In this regard, where people cook -whether indoors or outdoors -has important implications for ventilation and thus smoke exposure (see Dasgupta et al., 2006; Yu, 2011) , but has nonetheless been widely neglected in debates about clean stove distribution. Impact potentials of stoves are higher if meals are prepared indoors. Conversely, if meals are prepared outdoors, natural ventilation reduces exposure considerably, with an associated reduction in the beneficial impact of the clean cookstove.
1 Scarce public resources should consequently concentrate on distributing the most advanced cookstoves among households where indoor cooking prevails and hence exposure is highest. In areas where outdoor cooking dominates, much simpler -and cheaper -improved biomass stoves are potentially more cost effective in reducing the adverse effects of biomass cooking.
We develop this argument in two steps. Drawing on data from the Demographic and Health Surveys (DHS), we first document cooking behavior by country, which reveals a sizeable incidence of outdoor cooking. Next, we calculate hypothetical exposure reductions for different stove types and ventilation scenarios and then categorize the stoves into different internationally recognized emissions categories, or tiers. This exercise demonstrates that depending on the scenario, stoves that would otherwise be categorized in the lowest tier (Tier-Zero), are re-categorized in higher tiers when used outdoors. Based on the documented heterogeneity in cooking patterns, we suggest that the distribution of cheaper biomass stoves should be given serious consideration as a cost-effective instrument to bring down exposure levels among households that cook outdoors. (Po et al., 2011; Ezzati and Kammen, 2002; Amegah et al., 2014; Dherani et al., 2008; McCracken et al., 2012; Hosgood et al., 2010; Bruce et al., 2013; Smith et al., 2014 
Policy background
Improved cooking is high on the agenda of international policy, spearheaded by WHO and the Global Alliance for Clean Cookstoves. The different levels of cleanliness of stoves are accounted for in SE4All's Global Tracking Framework (GTF), which uses a four-tier system to categorize ICS and track the progress towards universal access to modern energy. These four tiers, defined according to measurements that are done under standardized indoor conditions, are also used as a reference by WHO, GACC and other actors in the clean cooking policy scene. The GTF evaluates cookstoves in the four categories of efficiency, safety, indoor emissions, and total emissions for a high-and lowpower scenario, with the latter categories and their respective tiers shown in Table 1 . 
Source: ISO, 2012 While all stakeholders are dedicated to eradicate energy poverty and to provide house- The present paper argues that cooking behavior that affects ventilation, particularly outdoor cooking, can have a considerable effect on particulate matter exposure and should be taken into account when decisions are taken on whether to consider a certain stove as clean and, consequently, whether to consider it for promotion.
Data
We use data from the latest waves of the nationally representative Demographic and Africa (30), followed by Asia (6) and Latin America (4).
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The DHS questionnaires contain questions regarding cooking behavior, including stove usage, cooking fuels, and cooking location. We restrict our interest to the question on the cooking place. Households that cook at home were asked whether they usually cook in the house, in a separate building, or outside. It was not possible to give multiple answers.
We divide the sample between rural and urban areas, since we expect different outdoor cooking patterns for these two groups. All results are furthermore weighted to ensure nationally representative results, with the weights provided by the DHS.
Outdoor cooking prevalence
As seen from Figures 1 and 2, outside cooking is prevalent in both the urban and rural areas of many developing countries, reaching a high of nearly 80 percent in rural Niger.
Notwithstanding substantial heterogeneity, a few patterns in the data can be discerned.
Out of the 20 countries with the highest outdoor cooking rates, 18 are located in Africa.
Further differencing within the African continent shows that West African countries have the highest share of outdoor cooking. Among the ten countries with the highest outdoor cooking rates, seven are in West Africa. At the other end of the spectrum, the four countries with the lowest outdoor cooking rates are spread across South America, the 3 This excludes Botswana, Cape Verde, Central African Republic, Colombia, Guatemala, Guyana, Laos, Mauritania, Paraguay, Sao Tome and Principe, South Africa, Swaziland, and Tanzania. Source: Demographic and Health surveys (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) 5 Implications for air pollution -a stylized numerical comparison
The variation in cooking location has considerable implications for the emission-exposure nexus of cooking induced smoke. In this section, we provide a back-of-the-envelope calculation of particulate matter levels for different stove types according to whether the stove is used indoors or outdoors. The aim is to show that the effective cleanliness of a stove is profoundly impacted by this distinction. We use as cleanliness categories the tiers as defined in the SE4All Global Tracking Framework (see Table 1 in Section 2.2).
Our analysis includes stoves from tiers zero to three. Tier four stoves are mostly those that run on electricity and LPG, so virtually free of smoke emissions. All stoves have in common that they are non-traditional, portable, household biomass stoves without a chimney and not used for commercial purposes. A typical WBT consists of three phases that immediately follow each other: A cold start high power phase, in which a measured quantity of water is boiled. After the first phase, the water is replaced by new water. This is called the high power, hot start phase. After the water is again boiled, in the last phase (low power), the water simmers just below boiling point for 45 minutes. For the We focus on the high power scenario results, since emissions tend to be higher during this phase. Results for the low power scenario are presented in Table A .3 in the Appendix.
Whereas the high power scenario simulates the actual high power use of the cookstove, such as quickly boiling water, the low power scenario simulates the long simmering of legumes or pulses (GACC, 2014).
The first four columns of Table 2 show the cooking device, associated cooking fuel, indoor emissions and their tiers for the high power scenario. Among the cooking devices, values are presented for both a minimally tended and carefully tended three stone fire, as this is the most prevalent cooking technology in developing countries. Jetter et al. (2012) report a minimally tended three-stone fire to be closer to the values that are observed in the field. Indoor emission rates vary considerably for the high power scenario, as can be seen in column 3 of Table 2 .
Based on the cookstove and their respective indoor emissions (measured in mg/min) depicted in Table 2, The reliability of the tool was corroborated by comparing the results to those obtained by Johnson et al. (2011) and WHO (2014b) . The results were similar.
14 values of the indoor emissions of the respective cookstoves into the spreadsheet yields the respective indoor PM 2.5 concentration levels (μg/m 3 ), presented in column 5 of Table 2 .
As discussed in section 2.1, effects from moving the location outdoors on particulate matter concentration level occur on a broad range. Accordingly, we account for this variability by showing exposure reductions for three scenarios: 40, 60, and 80 percent reductions (see Table 2 , column 6, 7, 8).
Note that the outside-cooking studies we are referring to observe differences in PM concentrations under real-world conditions, while the Jetter et al. (2012) emission measurements are determined in standardized low-and high-power scenario. Note: High power scenario refers to a scenario of the Water Boiling Test where the indoor emission is measured in the time from the start of the cooking process until a 5 liter pot of water is boiling. This is done with a cold start, where the cookstove has not been used for some time before and a hot start where the stove was used immediately before. For the high power scenario values here, the average is taken for the values obtained in the hot start and cold start scenario as it was done by Jetter et al. (2012) . Cooking time is assumed to be 4 hours and the average value during cooking time is taken for the concentration level. Source: Jetter et al. (2012) Since the PM 2.5 concentration levels (μg/m 3 ) are directly proportional to the emission (mg/min), we can convert the concentration figures from Table 2 into the emission levels, thereby yielding the yardstick used in the SE4All-Tier system. Figure 3 shows that there is a strong effect of outdoor cooking on how the stove should be categorized. Most stoves would improve by one tier in the 40 and 60 percent reduction scenarios and by two tiers for the 80 percent reduction scenario. The effect is similar in a low power scenario (see Table A .3 in the Appendix). 
Conclusion
Although large cookstove initiatives are currently slated for implementation, reaching the target of universal adoption of clean fuels and improved cookstoves is a long-term endeavor that will require massive investments extending well beyond current commitments. Given the urgency and breadth of the challenges, including LPG-supply chain bottlenecks, it behooves development agencies to chart a course of improved cookstove distribution that accounts for the interaction of this new technology with cooking behaviors. This paper has argued that the cooking location -whether indoors or outdoors -is a key mediating factor on the effectiveness of clean cookstove adoption. We further document that outdoor cooking rates are high but vary tremendously between countries and continents as well as between rural and urban areas.
Given this heterogeneity, we regard the fixation on the dissemination of Tier 4 stoves evident in much of the donor community as unfortunate, as it risks missing opportunities to substantially reduce exposure through the distribution of lower cost stoves among households that cook outdoors. It is important to emphasize that these simple improved biomass stoves, which are often a fraction of the cost of more advanced models, also generate additional benefits of improved cooking that are related to deforestation, climate, time and monetary savings (see for example Peters, 2013, 2015; Beyene et al., 2015; Jagger and Perez-Heydrich, 2016; Jeuland and Pattanayak, 2012; Martin et al., 2011) . Furthermore, affordability is already one of the documented barriers to adoption of lower-cost cooking technologies using market based dissemination Mobarak et al., 2012; Lewis and Pattanayak, 2012) , a barrier that would even be higher for Tier 4 stoves. To increase the effectiveness of policy measures, the following lessons should be taken from these results:
In prioritizing regions and stove technologies for dissemination, the effectiveness of a program can be increased by taking the cooking locations into account. While clean cookstoves are likely to be the best option to reduce the exposure to air pollution among households that cook indoors, improved biomass stoves are potentially the more costefficient policy intervention in regions where outdoor cooking prevails. Our results give indications for hot spot regions where exposure is the highest owing to cooking location.
Further research is needed on smoke exposure under different ventilation conditions as well as cooking locations using rigorous evaluation methods. For example, negative health effects may also result from disseminating bricked stoves installed in kitchens because people switch from outside to inside cooking. 9 Furthermore, there may also be a negative impact from ambient air pollution to those cooking outside, though this effect seems to be negligible in comparison to indoor air pollution. Behavioral change interventions, such as health education including sensitization to ventilation, and the coupling of those interventions with cookstove interventions could be one promising avenue for the future but still requires further research (e.g. Barnes, 2014; Grabow et al., 2013; Zhou et al., 2006) .
9
Note that this may be aggravated for chimney stoves if the chimneys are not well maintained (see Hanna et al. (2016) and Grimm and Peters (2012) ). 
